About half of all subjects with common variable immune deficiency (CVID) are afflicted with inflammatory complications including hematologic autoimmunity, granulomatous infiltrations, interstitial lung disease, lymphoid hyperplasia and/or gastrointestinal inflammatory disease. The pathogenesis of these conditions is poorly understood but singly and in aggregate, these lead to significantly increased (11 fold) morbidity and mortality, not experienced by CVID subjects without these complications. To explore the dysregulated networks in these subjects, we applied whole blood transcriptional profiling to 91 CVID subjects, 47 with inflammatory conditions and 44 without, in comparison to subjects with XLA and healthy controls. As compared to other CVID subjects, males with XLA or healthy controls, the signature of CVID subjects with inflammatory complications was distinguished by a marked upregulation of IFN responsive genes. Chronic up-regulation of IFN pathways is known to occur in autoimmune disease due to activation of TLRs and other still unclarified cytoplasmic sensors. As subjects with inflammatory complications were also more likely to be lymphopenic, have reduced B cell numbers, and a greater reduction of B, T and plasma cell networks, we suggest that more impaired adaptive immunity in these subjects may lead to chronic activation of innate IFN pathways in response to environmental antigens. The unbiased use of whole blood transcriptome analysis may provides a tool for distinguishing CVID subjects who are at risk for increased morbidity and earlier mortality. As more effective therapeutic options are developed, whole blood transcriptome analyses could also provide an efficient means of monitoring the effects of treatment of the inflammatory phenotype. 
Introduction
Common variable immunodeficiency (CVID) is a relative common primary immune deficiency characterized by low levels of serum immunoglobulin G, A, and/or M, coupled with a lack of production of specific IgG antibodies [1] [2, 3] . While mutations autosomal genes leading to loss of B cell function have been identified in a few rare cases [4] , [5, 6, 7] [8, 9] ,, for the great majority of patients, the genetic basis remains unknown. As for other predominantly B cell defects, immunoglobulin (Ig) replacement is the mainstay of treatment, and while this therapy effectively reduces the incidence of bacterial infections, it does not prevent or ameliorate the non-infectious organdamaging complications which develop in about half of all subjects [10, 11] . These complications include hematologic and organ-specific autoimmunity, granulomatous infiltrations, interstitial lung disease, lymphoid hyperplasia, gastrointestinal inflammatory disease, cancer, and lymphoma [12, 13, 14, 15, 16] . As bacterial infections have become less common, these inflammatory conditions, shown to lead to significant increased morbidity and earlier mortality, are now one of the most important avenues of investigation in CVID. An analysis of our CVID cohort of 473 patients followed over 4 decades showed that subjects with suffering from inflammatory conditions had an 11-fold increase in mortality as compared to those without [10] . These observations parallel data compiled on a large cohort of European CVID subjects, demonstrating that CVID subjects have remarkably stable clinical phenotypes over decades of follow-up, that are closely related to long-term outcomes [15] . Unfortunately, the existing biomarkers do not allow us to identify those CVID subjects that will more likely develop inflammatory complications, and the best therapeutic measures to treat these patients, have remained undefined.
Previous whole blood transcriptional signatures based on RNA microarray analyses have demonstrated specific pathways activated in autoimmune, infectious and neoplastic diseases [17, 18, 19, 20, 21] . This systems biology approach has improved diagnosis and provided better understanding of disease pathogenesis by revealing unique signatures and in some cases, a useful pharmacologic approach. For example, the application of microarray blood transcriptional profiles led to a better understanding of systemic onset juvenile arthritis, and the identification of IL-1as an important therapeutic target [22, 23] . Here we applied blood transcriptional profiling to characterize the immunologic networks in subjects with CVID who have the inflammatory complications to identify clues as to pathogenesis and potentially better modes of treatment. Blood of CVID subjects with inflammatory complications demonstrated a marked up regulation of IFN responsive genes.
Materials and Methods

Patient population
CVID subjects fulfilled the standard diagnostic criteria, including significantly decreased levels of serum IgG, IgA, and/or IgM and poor or absent specific antibody production [1, 24] . Subjects with or without a set of characteristic inflammatory complications, as previously designated, were enrolled. These included hematologic or organ-specific autoimmunity, biopsy-proven granulomatous disease, interstitial lung disease leading to impaired lung functions, lymphoid hyperplasia with splenomegaly or gastrointestinal inflammatory disease [10, 15, 24] . All subjects were free from inter-current infections, and were not taking antibiotics or any immune-modifying medications at the time of study. Blood was taken before the interval intravenous immune globulin (Ig) infusions, or between subcutaneous Ig administrations. The training set included 59 patients (29 females, 30 males) age 11 through 88 (mean age, 44.7 years) and 21 healthy adult volunteers. The test set included 32 CVID patients, 16 males and females (age 11 to 69, mean age, 42 years), and 15 control samples. For clinical and immunologic data, baseline laboratory results before initiating Ig replacement were used; other test results were those done at the time of diagnosis or the first clinic visit (Table 1) . Six patients with X-linked agammaglobulinemia (XLA) were included in the test set as controls as they also have loss of antibody production and are treated with periodic Ig replacement. For 8 of the CVID subjects, blood samples were also taken both before and 5 or 6 days after IVIg infusions to determine if Ig administration altered mRNA signatures. The study was approved by the Mount Sinai Medical Center Institutional Review Board and written informed consent was obtained from each patient or parent.
RNA sampling and processing for microarray analysis
Blood samples were obtained in Tempus tubes (Applied Biosystems) vigorously mixed and stored at -80°C. Total RNA was isolated from the whole blood lysate using the MagMAX RNA Isolation Kit for Blood RNA Tubes (Ambion/ Life technologies). RNA integrity was assessed using an Agilent 2100 Bioanalyser (Agilent Technologies) and Caliper (PerkinElmer). Isolated total RNA was globin-reduced using the GLOBINclear 96-well format kit (Ambion/Life technologies). Globin-reduced RNA was amplified and labeled using the Illumina TotalPrep RNA Amplification Kit (Ambion). Labeled cRNA was hybridized overnight to Illumina Human HT-12 V3 BeadChip (training) and HT-12 V4 BeadChip (test set) arrays (Illumina), which contained more than 48,000 probes in HT-12 V3 BeadChip and 47,231 probes in HT-12 V4 BeadChip. The assays were then washed, blocked, stained, and scanned on an Illumina BeadStation 500 (training and test sets) and iScan Control Software v 3.3.28 (test set). For the training set, Illumina BeadStudio version 2 software was used to generate signal intensity values from the scans [18, 25, 26] . For the test set, Genome Studio v2011.1 was used to generate signal intensity values. 
Microarray Data Processing
The microarray background was subtracted and the average signal intensity for each sample was scaled to the global average signal intensity for all samples, across multiple arrays and chips. For the purpose of comparability between the training and test data sets, all analyses were applied on the common probes from HT12V3 and V4 chips. Expression values less than 10 were set to 10 and log (base 2) transformed. Microarray data were filtered by using a present call (detection p-value less than 0.01 in at least one sample) and standard deviation filtering criteria (standard deviation of expression values across samples greater than the median of those standard deviations). Batch effect correction was applied using the group batch profiling technique available in JMP/ Genomics (SAS Institute Inc., NC) for all data sets. Per-gene normalization was applied for displaying results in heat maps by dividing each probe intensity by the median intensity value for all samples or the healthy controls where specified.
Statistical Data Methods
For microarray data, unsupervised analysis was performed to create an unbiased grouping of samples on the basis of their molecular profiles, independently of disease, immunologic phenotype or clinical classification. Transcripts meeting the filtering criteria and further downstream analysis were then subjected to hierarchical clustering using GeneSpring. Hierarchical clustering is an iteratively agglomerative clustering method performed to find similar transcriptional expression patterns and to produce gene trees or condition trees representing those similarities. The hierarchical clustering performed in our datasets was calculated through the average linkage while the similarity or dissimilarity of gene expression profiles was measured using Pearson correlation. The color conventions for both heat maps include red for over-expressed transcripts, blue for under-expressed transcripts, and yellow transcripts that do not deviate from the median. Microarray data were further analyzed using analysis of variance (ANOVA) to identify differentially expressed probes in the comparisons among patients with complications, patients without complications, and healthy controls. Multiple testing corrections were applied using a false discovery rate (FDR) of 0.05 [27] or a Bonferroni correction with an alpha of 0.05.
Transcriptional modular analysis was also performed as described previously [25, 26] . Briefly, this mining strategy relies on whole genome profiles obtained from sets of patients with a wide range of immune-mediated diseases for the construction of a large co-clustering network. Highly connected subnetworks, also called modules, are extracted and the resulting gene sets used as a framework to simplify downstream analysis and interpretation of individual datasets. Here a framework constituted of 260 modules spanning nearly 15,000 individual probes was used. The number and proportion of differentially expressed probes was determined by module for each comparison. Modules containing a proportion of significantly up-or down-regulated probes greater than 10% were considered up-or down-regulated, respectively. The results of the training set were then validated in separate test set. Demographic and clinical parameters for the CVID subjects in test and training sets were compared using the Fisher's exact test for categorical variables and the MannWhitney test for numeric variables. Statistical analyses of microarray data and clinical data were performed using Genespring v7.3 JMP/Genomics (v5.0) and SAS software (v9.2) (both from SAS Institute Inc., NC). Microarray data is available at the NCBI GENE Expression Omnibus (GEO), web site http://www.ncbi.nlm.nih.gov/geo/info/geo_illu.html.
Production of interferons
To examine T cell production of IFNγ, PBMCs were isolated from peripheral blood samples of patients and controls by Ficoll-Paque (GE Healthcare, Uppsala, Sweden) and 5x10 5 cells stimulated with 1.25µL/mL and 2µL/mL CD3/CD28 Dynabeads beads (Invitrogen), or 2µg/mL PHA in 96-well plates. Supernatants were harvested after 72 hours, diluted (1:10, 1:50, and 1:100) and assessed for IFNγ using OptEIA human IFNγ ELISA kit (BD Biosciences). For IFN-α production, control and CVID PBMCs at 2 × 10 5 /mL were stimulated for 48 hours with 100, 500 or 1000 µmol/L 7-allyl-7,8-dihydro-8-oxoguanosine (loxoribine; TLR7 agonist) and 0.25 and 0.5 as an imidazoquinoline TLR7/8 agonist (InvivoGen) as previously described [28] , IFN-α levels in harvested supernatants were assessed by ELISA (Bender Medsystems, Burlingame, CA).
Results
Transcriptional signatures in CVID
To identify potential transcriptional signatures characteristic of CVID subjects with inflammatory conditions, 59 subjects and 15 controls were examined in a training set, and 32 other CVID subjects and 16 controls in a test set. Each group of CVID subjects contained males and females of similar age and sex, with similar baseline serum immune globulin levels, and numbers of subjects with hematologic or organ specific autoimmunity, granulomatous disease, interstitial lung disease, lymphoid hyperplasia/splenomegaly and/or gastrointestinal inflammatory disease (Table 1) . Subjects with and without inflammatory complications had similar immunologic profiles with the exception of significantly reduced numbers of lymphocytes, fewer B cells and fewer isotype switched memory B cells for those with complications, as previously noted for such subjects [29, 30] (Table 2 ). The training set was used to identify the profile of CVID subjects with and without inflammatory complications in comparison to controls; the test set confirmed the differential gene expression profiles. The heat map shown in Figure 1 represents the unsupervised hierarchically clustered profile of 9,241 RNA transcripts selected by Present At least Once (PALO) from blood of 59 CVID subjects in the training set, as normalized to 24 control samples, all vertically aligned. Notable were the marked differences in up-and down-regulated transcriptional patterns, largely separating CVID subjects from controls, and demonstrating differential signatures for the CVID subjects with inflammatory complications. Hierarchical clustering according to transcripts that passed the multiple test correction (ANOVA, FDR 0.05) showed that the 29 CVID subjects with inflammatory conditions displayed many more differentially expressed transcripts compared to the 30 CVID subjects without these complications ( Figure 2 ) although some overlap was noted between populations. Thus, the CVID group with complications contributed most of the transcriptional differences observed between CVID and healthy subjects (Figure 3) .
To validate the emerging transcriptional profiles, we recruited an additional 32 CVID subjects, 18 with and 14 without inflammatory conditions and 15 additional controls. Unsupervised clustering of all transcripts present in the blood of these subjects again distinguished the majority of CVID subjects from healthy controls (Figure 4) , and as described for the training cohort, a significant divergence of the signature of CVID subjects with inflammatory complications ( Figure 5 ) revealing a large number of transcriptional differences for these CVID subjects as compared both controls and other CVID subjects ( Figure 6 ).
Transcriptional modules
To gain insight into potential biological pathways responsible for the transcriptional alterations observed in CVID blood, we then applied a pre-established modular analysis framework that groups blood genes according to shared expression patterns across health and disease [26] . Using this approach, control samples showed negligible perturbation in modular expression while samples from CVID subjects showed clear-cut modular differences ( Figure 7 ). Subjects with XLA were also included in the test set as controls, as these subjects have loss of B cell function but very rarely the inflammatory complications found in CVID. Modular analyses showed that subjects with CVID with one or more of the inflammatory/autoimmune conditions displayed significantly over-expressed interferon-related modules (M1.2 M3.4 and M5.12), and a pronounced downregulation of transcripts related to the B cell, plasma cell, and T cell modules (M4.10, M9.2, and M4.11, M4.1 respectively) as compared to CVID subjects without these conditions. As expected, the XLA samples showed significantly downregulated B cell and plasma cell modules, however, other transcripts/modules dysregulated in subjects with CVID, including T cell-related and IFN-related genes, were for the most part not changed in these XLA subjects. Transcripts reflective of neutrophil activation were not increased (M5.15) in these subjects as compared to controls, although these were found (and have been annotated) in other work using this platform [19, 31] . Comparing by modular analyses from both training and test sets to that of healthy controls, and the CVID groups to each other, showed that the IFN modules were the most up-regulated in patients with inflammatory conditions while B and T cell-related modules were the most down regulated across all CVID patients (Figure 8 ). For both training and tests, we attempted to segregate CVID subjects with autoimmunity, granulomatous disease, enteropathy and/or splenomegaly/lymphoid hypertrophy by transcriptional and modular profiles. However, separation was not feasible, most likely because many of these patients have several of these conditions at the same time [15] . The majority of these CVID patients also over-expressed transcripts within erythrocyterelated modules as found in previous studies of subjects with autoimmune or infectious disease [22, 32] . Focusing on dominant genes contributing to the differential transcriptional signatures distinguishing all CVID subjects from healthy controls, the most significantly unregulated genes were those contained within the IFN pathways, comprising 15 of the 20 most significantly up-regulated transcripts (Table 3 ). In fact, the signature for CVID subjects considered as a group, was quite dominated by the IFN profile contributed by CVID subjects with inflammatory complications. This became clear when CVID subjects without these complications were compared to healthy controls. Here the IFN signature disappeared, and several erythrocyte modules were noted (Table 4) . Again displaying differences between these groups, when CVID subjects with and without inflammatory conditions were compared to each other, 16 of the 20 most significantly upregulated transcripts were identified as IFN related (Table 5) . As expected, the most consistently down-regulated genes for CVID subjects in general, were B and T cell, plasma cell and immunoglobulin structural genes, not a surprising finding in this patient population with hypogammaglobulinemia and known adaptive immune defects (Table 6) .
Immune globulin therapy itself is known to exert a number of both up and down-regulatory effects on the immune system [33] . Thus to control for the potential effect of Ig therapy on the gene signatures of CVID patients, we sampled in a separate subgroup of patients before and 7 days after an IVIg infusion. The transcriptional patterns of these patients did not change for the most part, supporting that the IFN signature is not an effect of IVIG, nor altered by this therapy (Figure 9 ).
Molecular basis of the signatures in CVID
As the IFN signature was dominant for subjects with inflammatory conditions, we compared in vitro IFN production for subjects with and without these complications to healthy controls. However, supernatants of activated CVID PBMCs showed that for all conditions, CVID cells actually produced less IFN-γ than similarly treated control cells (for anti-CD3+ CD28, p= 0.03; for PHA p=0.02) and there were no differences between cells of CVID subjects with or without inflammatory complications ( Figure 10 ). In addition, TLR7, TLR7/8 or TLR9 activated PBMCs (or as shown previously, this is also true for plasmacytoid dendritic cells) from CVID subjects produced less IFN-α than cells of normal controls [28, 34] . However when segregated into subjects with and without inflammatory complications, mononuclear cells of subjects in the former group activated by TLR7 or TLR7/8 agonists produced significantly less IFN-α (p=0.003 and 0.005) than CVID subjects without these conditions ( Figure 11 ). As plasmacytoid dendritic cells, the main IFN-α producers under these conditions were not enumerated, we are not able to discern if even fewer (or more impaired) cells in cultures of subjects with complications, might explain these differences.
Discussion
The diagnosis of CVID is based on hypogammaglobulinemia with loss of production of functional antibody to vaccine or environmental antigens. Almost all subjects have a history of infections, but analyses of both European and US patient cohorts show that 40 to 50% of subjects have significant but poorly understood, apparently non-infectious inflammatory complications. These include organ-specific or hematologic autoimmunity, gastrointestinal inflammatory disease, marked lymphoid hyperplasia, usually with splenomegaly, and/or lymphocytic and granulomatous lymph tissue and organ infiltrations [15, 24] . While Ig replacement is the standard therapy for all, those subjects suffering from inflammatory complications have both increased morbidity and worse survival [10, 15] . The numbers and phenotypes of peripheral B cells provide some clues about clinical outcomes [35, 36, 37, 38] [30,36,39,40] but these analyses have not elucidated the pathogenesis of these complications, and have not suggested therapeutic options.
This study provides the first analysis of whole blood transcriptional profiles of subjects with CVID, allowing subjects with and without inflammatory complications to be distinguished from each other and from healthy controls. The data suggest unique pathologic differences between these groups. Both CVID and XLA subjects have a characteristic loss of antibody production, receive Ig therapy and share similar down-regulated B cell pathways. However, CVID subjects display a unique signature, including a down-regulation of T cell-related transcripts not found in XLA, illustrating the intrinsic differences between these defects of humoral immunity. The up-regulation of a unique signature in CVID subjects with inflammatory disease, a signature not observed in XLA, is in line with the fact that subjects with XLA are largely exempt from the non-infectious complications found in CVID [41] . While Ig infusions are known to have a variety of immune modulating effects [33] , the infusion of Ig, at least in the standard doses used in regular reconstitution used here, did not alter the inflammatory mRNA signature of the CVID subjects tested. In addition, as these subjects were already on maintenance Ig therapy at regular intervals, alteration from this baseline might not be expected.
One of the main findings of our study is the presence of an IFN signature, predominantly in CVID patients with inflammatory complications. An IFN signature is characteristic of an immune responses to viral vaccinations [42] , as well as chronic viral diseases including HTLV-1 [20] , hepatitis C [43] and HIV [44] . Subjects with CVID studied here, being immune deficient, may be susceptible to viral infections, but none who had symptomatic infections were enrolled. With some possible exceptions [45, 46] , chronic viral infections have also not been demonstrated in this syndrome, thus viral activation, while not eliminated as a possibility, does not appear to be a likely cause of the IFN signature observed. However, Type I and Type II IFNs are known mediators of chronic autoimmune diseases such as systemic lupus erythematosus (SLE), dermatomyositis, and Sjogren's syndrome, and rheumatoid arthritis, etc [47] [48] .
An INF signature has also been noted in the context of other chronic inflammatory conditions, some genetic [49, 50] [51], and some induced by over expression of selected IFN gene pathway members [52] . In SLE, the chronic activation of the Type I IFN pathway might result from host DNA and RNA present within immune complexes (ICs) that could activate pDCs through endosomal TLRs. We did not observe an activation of the neutrophil module (Figure 3a , module 5.15), unlike pediatric SLE blood, where this cellular signature has been linked to IFN-α overproduction in this autoimmune disease [18, 53] . An IFN signature (both IFN-αβ and γ) has also observed in active tuberculosis, which on treatment, resolved [19] [54] . In subjects with active tuberculosis, IFN-α2 and IFN-γ proteins were not elevated in serum although as for CVID subjects, IFN-inducible chemokine CXCL10 (IP10) and other IFN responsive genes, were significantly increased. Showing that this signature is not found in other infection models, patients with bacterial infections due to Staphylococcal aureus, did not show a prominent IFN signature even though transcripts from neutrophil pathways were increased [31, 54] . As shown previously [28, 34] , Toll like receptor 7 or 9 activated PBMCs or plasmacytoid dendritic cells from CVID patients produced little IFN-α detectable by ELISA in culture. The production of IFN-γ by CVID patients PBMCs was also overall reduced when compared to control subjects. Impaired secretion of these cytokines in [55] culture would not exclude excess in vivo production as continued TLR activation leading to pathway activation, may desensitize the relevant cells leading to exhaustion [56] .
In addition to the predominant IFN signature, blood of CVID patients with inflammatory disease also had over-expressed transcripts contained within erythrocyte-related modules. The significance of this over-expression is not clear. While greater degrees of anemia might provide a logical explanation, comparison of the cohorts did not reveal clear differences. However, we and others have described an erythropoiesis signature in patients with auto-inflammatory diseases and Gram (+) bacterial infections, both of whom also have strong IFN signatures. Investigating these connections, IL-6, IL-17, IL-10 and IL-1 cytokine activation has been demonstrated suggesting the activation of shared innate pathways in autoimmunity [22, 32, 57, 58] . Other work has more directly connected interferon (IFN) signaling-related genes and STATfamily members in the transcriptional control of the erythroid network [59] .
Other distinguishing features of CVID subjects with inflammatory conditions were more severe decrease in absolute lymphocyte counts, far fewer circulating B cells and isotype switched memory B cells. The blood transcriptome analysis revealed that these subjects also had a significant down-regulation of T cell, B cell and plasma cell modules. This indicates that CVID subjects with inflammatory conditions are likely to suffer from a more significant defect of adaptive immunity than those CVID subjects without inflammatory conditions. These data are in line with previous observations that CVID subjects with fewer isotype switched memory B cells, more impaired thymic and B cell bone marrow output, or reduced numbers and function of regulatory T cells, have a significantly greater likelihood of inflammatory consequences [29, 30, 60, 61, 62] . Greater losses of adaptive immunity could lead to an expansion of innate immune responses and potentially the global IFN signature observed. In these subjects, residual mRNA from still viable organisms, could provide an endogenous danger signal, initiating the recently described TIR-domain-containing adaptor protein inducing IFNβ (TRIF) dependent innate inflammatory pathway, leading to the production of large amounts of IFN [63] . Alternatively with poorer adaptive immunity, these subjects may have an activation of other inflammatory cell populations such as IFN producing innate lymphoid cells, not examined here [64] . However, regardless of factors leading to an intense IFN signature in CVID subjects with inflammatory conditions, the unbiased use of this whole blood transcriptome analyses may provide a tool for distinguishing CVID subjects who are at risk for increased morbidity and earlier mortality. As more effective therapeutic options are developed, whole blood transcriptome analyses could also provide an efficient means of monitoring the effects of treatment of subjects with this inflammatory phenotype. 
